Biomolecular structures are assemblies of emergent anisotropic building blocks, uniaxial helices and biaxial strands. We provide a conceptually novel approach to understand a marginally compact phase of matter that is occupied by proteins and DNA. This phase, that is in some respects analogous to the liquid crystal phase for chain molecules, stabilizes a range of shapes that can be obtained by sequence independent interactions occurring intra-and inter-molecularly between polymeric molecules. We present a singularity free self-interaction for a tube in the continuum limit and show that this results in the tube being positioned in the marginally compact phase. Our work provides a unified framework for understanding the building blocks of biomolecules.
I. INTRODUCTION
The structures and phases adopted by inanimate matter have traditionally been understood and predicted by simple paradigms, e.g. seemingly disparate phenomena such as phases of matter, magnetism, critical phenomena, and neural networks [1] have been successfully studied within the unified framework of an Ising model [2] . Liquid crystals [3] , whose molecules are not spherical, form several distinct stable, yet sensitive structures. They possess translational order in fewer than three dimensions and/or orientational order and exist in a phase between a liquid with no translational order and a crystal with translational order in all three directions. The liquid crystal phase is poised in the vicinity of the transition to the liquid phase and accounts for its exquisite sensitivity. Any material that resides in a particular phase of matter exhibits the general properties characteristic of that specific phase and there are just a few essential ingredients, such as the symmetry of the atoms or molecules comprising the material and certain macroscopic parameters such as the pressure and temperature, that determine the relevant phase.
Biomolecules, such as DNA and proteins, form the basis of life and exhibit simple forms such as a single, double or a triple helix and almost planar sheets assembled from zig-zag strands [4] . The latter are also implicated in amyloid structure which play a role in diseases such as Alzheimer's and Type II diabetes [5] . The origin of these structures is now well understood based on details of the constituent atoms and the quantum chemistry that governs their assembly [6, 7, 8] . The common use of these modular structures by nature begs for a simple unified explanation for their ubiquity. Here we show that not only single, double and triple helices but also planar sheets made up of biaxial strands are natural forms in a conceptually novel, marginally compact phase of matter of a flexible tube, the simplest description of a chain molecule that incorporates the correct symmetry. Remarkably, this phase of matter is analogous to a liquid crystalline phase but for chain molecules and is assembled from emergent anisotropic building blocks. Our work provides a unified description, which transcends chemical details, of the structural motifs of biomolecules. We elucidate the role played by discreteness in promoting the creation of biaxial strands through spontaneous symmetry breaking. An important consequence of our work is that it suggests that physical scientists and engineers who wish to build nifty machines akin to proteins would do well to design their devices so that they are poised in this phase of matter with all its advantages.
The fluid and crystalline phases of ordinary matter are well described by a simple model of a collection of beads or hard spheres [2] . A hard sphere can be thought of as a point, a zero dimensional object, in space with an excluded volume region obtained by symmetrically inflating it to a size equal to its radius. The packing of spheres is a classic optimization problem [9] with a long and venerable history and many important applications. There are a large number of important synthetic materials, such as plastic, rubber, gels, and textile fibres, comprised of polymer molecules [10] . Life is also based on chain molecules such as DNA and proteins. The generalization of the hard sphere to a one dimensional manifold consists of taking a curve and symmetrically inflating it to form a flexible tube of thickness ∆ characterized by uniaxial symmetry (Figure 1 ). We will show that the tube paradigm provides a unified and natural explanation for helical forms and sheets in biomolecules.
II. RESULTS AND DISCUSSION

Buried area of tubes
We begin by describing the discrete version of a tube of thickness ∆ represented by a chain of coins, whose planes coincide with equally spaced circular cross-sections of the tube. The self-avoidance of the tube is implemented by the three-body prescription [11, 12] described in the caption of Figure 1 . A classic way to take into account the solvophobic effect is to introduce an attractive pairwise interaction between the coin centers with an interaction range R 0 . In [13, 14] , it was shown that, when ∆ ∼ R 0 , a short tube had relatively few low energy conformations compared to the generic compact phase (∆ ≪ R 0 ) and the swollen phase (∆ ≫ R 0 ). Structures in this novel marginally compact phase were found to be constructed from two building blocks, helices and zig-zag strands, and able to possess liquid crystal like sensitivity because of being poised in the vicinity of a transition to the swollen phase.
In the continuum limit, two-body interactions are necessarily singular because there is a continuum of pairs, close by along the chain, that are within the interaction range [12] . A singularity-free formulation of the attractive interaction follows from the following physical situation. Let us suppose that the tube is immersed in a poor solvent whose molecules are approximated by spherical balls of radius R. For any given tube configuration, there are regions of the tube surface that the solvent molecules can come in contact with and other regions that are unaccessible. The latter constitutes the buried surface of the tube configuration. The bigger the radius of the solvent molecule radius, the larger is the buried surface. We will show that an interaction based on the buried area is sufficient to lead to ground state tube conformations in the marginally compact phase with a variety of secondary motifs.
The simplest potential for the solvophobic interaction is given by
where r(s) defines the smooth curve corresponding to the tube axis, s is the arc-length,
is the buried area in presence of solvent molecules of radius R and κ sol is an effective interaction strength which we set equal to one without loss of generality. An analytical derivation is given in Methods.
The interaction as given by Eq.
(1) describes a tube with a uniform solvophobicity. As discussed below, for proteins it is more appropriate to introduce a mixed solvophobicity tube. In its simplest version this tube has two types of surface regions, each characterized by a different degree of solvophobicity, as described by Eq. (9) in Methods.
Uniform solvophobic tubes
Figure 2 (a-h) depicts the conformations adopted by short tubes subject to compaction.
Our results are obtained by maximizing the buried surface area [15, 16, 17] of the tube (see eqs. (1) and (8)). Such an optimization requirement is generically encountered when a tube shows a higher affinity to itself than to a solvent, e.g. in poor solvent conditions [10] .
Strikingly, the conformations of choice are single, double and triple helices, all characterized by chirality and adopted by nature in the context of biomolecules such as proteins and DNA.
It is remarkable that the shapes of close packed single and double helices adopted by flexible tubes match those of α-helices [18, 19] and the DNA double-helix [20] , respectively. At somewhat higher temperatures, one obtains the conformation in Figure 2 One would expect that the helical state of a few tubes would be supplanted by such an ordering when many tubes are packed together.
Mixed solvophobic tubes
We turn now to a consideration of two distinct mechanisms that promote sheet forma- The second mechanism is more subtle and does not invoke mixed solvophobicity but instead arises from the consideration of a discrete version of the tube as described above. Instead of maximizing the buried surface area of the continuous tube, we now seek to maximize the number of pairwise contacts between non-consecutive coin centers within a prescribed mutual distance of the order of the tube thickness in order to be within the marginally compact phase [13, 14] . The optimal packing for the discrete case at its edge of compaction is shown in Figure 4 -one obtains a planar arrangement of chains which zigzag within the plane. In the continuum, one retains the uniaxial anisotropy characteristic of a tube whereas in the discrete case, the symmetry between the two directions perpendicular to the principal strand direction is spontaneously broken (in the mixed solvophobic tube, this symmetry is broken overtly). Strikingly, the out-of-plane zigzag pattern shown in 
III. METHODS
We derive an analytical expression for the buried area of a tube of length
and radius ∆. A generic point on the tube surface is given by
wheren(s) andb(s) are the normal and binormal vectors at position s respectively, and θ is an azimuthal angle running from 0 to 2π [23] . The surface element is given by g(s, θ) dsdθ 
Note that ∂ 2r /∂s 2 = κn(s); R c (s) ≡ 1/κ(s) is the local radius of curvature; and ∂b/∂s = −τn(s), where τ is the torsion [24] . One obtains
For the tube R c (s) = 1/κ(s) ≥ ∆, ∀s, thus 1 − ∆κ cos θ ≥ 0, and
The total area of the tube is
The buried surface is determined by the inequality
yielding an expression for the buried area:
where Θ(x) is equal to 1 if x > 0 and 0 otherwise.
The simplest version of a mixed solvophobicity tube has two types of surface regions, each characterized by a different degree of solvophobicity. We denote these regions as P (for solvophilic) and H (for solvophobic) respectively. We consider the generalized Hamiltonian
where θ 1 defines half the angular width of region P centered around θ = π and c is a measure of the coupling between this region and the solvent. The case c = 0 corresponds to the uniform tube described previously. can be enforced through a suitable three-body potential [11, 12] . We denote the tube axis by a smooth curve, r(s), where the arc-length s satisfies 0 ≤ s ≤ L and L is the total length of the tube.
For a tube one considers all triplets of points r i = r(s i ), i = 1, 2, 3 on the tube axis and draws circles through them and requires that none of the radii r(r 1 , r 2 , r 3 ) of these circles is less than the tube radius ∆. between neighboring strands.
